A Ab bs st tr ra ac ct t An important unknown while burying a submarine pipeline is "What is it's minimum safe burial depth?". It is a function of wave climate, water depth, engineering and hydraulic properties of the seabed soil, etc. To solve this problem, physical model investigations were carried out in a wave flume to assess the change in the horizontal and vertical hydrodynamic forces on a submarine pipeline for different depth of burial. The marine sand is well graded and has hydraulic conductivity of 1.84 mm/s. It is found that the horizontal force reduces non-linearly with increase in depth of burial. 75% of the magnitude of the horizontal force reduces by just burying the pipe, when compared to the one placed on the seabed. The vertical hydrodynamic force is smaller for half buried pipe and increases for just fully buried case due to the significant change in the magnitude as well as the phase difference between the pore water dynamic pressures. For any burial depth and for a constant wave height, increase in wave period has noticeable increase in the vertical wave force than the horizontal wave force. The horizontal wave force dictates the stability of the submarine pipeline, when it is placed on the sea floor. For buried pipeline, the upward wave force dictates. Workout example is presented as a ready reference.
1. . I IN NT TR RO OD DU UC CT TI IO ON N
Submarine pipelines are used extensively for transporting liquid hydrocarbons and gas, seawater intake and sewage disposal, subsea tunnel, natural marine life observation structure, cable for power transport etc. These submarine pipelines encounter significant dynamic forces due to the action of waves and currents. In order to reduce such forces and associated risk of failures, they are recommended to be buried below the seabed. How deep a pipeline needs to be buried for the prevailing marine conditions is a million dollar question. The minimum safe depth of burial of the submarine pipeline depends on design marine environment (especially waves and currents), type of seabed soil (engineering and hydraulic properties), pipeline material, liquid to be transported by using the pipeline etc. It is safe to bury submarine pipes which are used for transporting hazardous and inflammable cargo like hydrocarbons, acids/bases as well as power transmission cables.
Published literatures, standard codes and guidance to help the engineers to select the minimum safe burial depth are scarce. Some of the available literatures related to the buried submarine pipeline topic are listed below:
Mac Pherson (1978) derived an analytical solution from the potential theory for the wave induced pressure distribution in the sandy soil bed surrounding a buried pipeline. The dynamic seepage force exerted on the pipeline is computed. It is a linear theory based approach and its application for the design extreme wave condition is limited. Lennon (1985) reported three dimensional wave-induced seepage pressures on a buried pipeline in sandy marine soil of finite depth using Boundary Integral Element Method. The soil structure and fluid were assumed as incompressible; seabed was horizontal and extended infinitely in both horizontal and vertical directions. The force on pipeline was found to be a function of relative pipe size, location of wave crest and soil properties. The effect of angle of incidence on the wave-induced pressure on the buried pipeline was studied. Spierenburg (1986) derived analytical solution for the hydrodynamic force on a submarine pipeline. A comparison was also made with numerical solution based on the finite element method. It was concluded that the hydrodynamic force acting upon a submarine pipeline is about 10-30% of the buoyancy of the pipe depending on the maximum wave load and the burial depth. McDougal et al. (1988) developed an analytical model for estimating the pore water pressure in the sandy soil and the resulting hydrodynamic force on the submarine pipelines. The analytical solutions were compared with the results of both small-and large-scale tests. Reasonable agreement was obtained for the small-scale tests. Magda (1999) studied the behavior of hydrodynamic uplift force acting on a submarine pipeline in sandy soil and concluded that the uplift force increased with increase in wavelength and degree of saturation of soil. Formula to estimate the force on the buried pipeline was given. Vijayakumar et al., (2001; 2003; 2005a; 2005b) carried out the physical model studies to estimate the forces and scour around pipeline for few samples of Indian marine clay of different consistency index. The reduction of dynamic pressure on the pipeline due to burial was studied. The investigations were carried out with 3 pressure sensors only and for limited wave heights and period combinations.
Madhu Shudan et al. (2002) have carried out experimental investigations to analyze wave induced pressures on a pipeline buried in a permeable seabed. The model tests were performed on a 200 mm dia pipeline buried in the soil test bed. The soil used in the formation of the test bed is a poorly graded medium to fine sand with d 50 =0.57 mm. The average density of the soil bed was 14.83 kN/m 3 and the average hydraulic conductivity of the soil was 8.1 × 10 −4 m/s. 96 number of tests were conducted with waves generated for different wave heights. The pipeline was buried in the sandy bed at different burial depth ratios. The pipeline was laid perpendicular to the wave direction. Dynamic pressures were measured with 12 transducers along the outer circumference of the pipeline. The results shows that wave induced pressures are significantly controlled by the wave period analyzed in terms of the scattering parameter (ka). Higher pressures were recorded at the top and the lower pressures were recorded at the bottom. It was found that the normalized horizontal force increased with depth of burial, which is very much unexpected. The test was carried out for one soil condition and very limited wave parameters. The variation of vertical force with different depth of burial was provided in figures but nothing is described on why the trend of vertical wave force was different from the horizontal force variation due to different burial of the pipeline. Xu et al. (2010) has carried out studies on bed form evolution around a submarine pipeline and its effects on wave-induced forces under regular waves. The aim of the study was to investigate the scour formation around a submarine pipeline initially either resting on or half buried in the seabed under regular wave action by means of a series of wave tank experiments, and to evaluate the influence of the scour on the hydrodynamic forces exerted on the pipeline. The evolving bed profile and wave pressure on the pipeline were recorded simultaneously, from which the horizontal and vertical force components were determined by integrating the measured pressure numerically on the circumference of the pipeline. The scour processes and the influence of scour on the hydrodynamic forces on the pipeline were discussed.
From the literature review, it is clear that the answer for the question "What is the minimum safe burial depth of a submarine pipeline for a given marine environmental condition?" remains an unsolved question. The results obtained from the present R&D work will help in understanding and answering
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Minimum Safe Burial Depth of Submarine Pipelines in Well Graded and High Hydraulic Conductivity Sand this question. It can be imagined that the hydrodynamic forces on buried pipeline is dictated by the type of marine environment (Wave height, wave period, water depth etc), engineering properties of seabed soil (soil size distribution, porosity, submerged density, hydraulic conductivity etc), pipe diameter and depth of burial of the pipeline. A lack of knowledge to select minimum safe burial depth compel the designers to select extra burial depth to reduce the risk of exposure of the pipeline for direct action of waves and currents. The consequence of this decision is the excavation of deeper trenches than required during pipeline laying in the dynamic environment and hence wastage of resources. The results from the present investigation will be helpful for submarine pipeline designers to select the minimum safe burial depth in order to take care of safety as well as costs for burying the subsea pipelines in the marine environment. The study is carried out with soil, which is well graded and has high hydraulic conductivity. Soil with high hydraulic conductivity is preferred as covering material around the buried pipeline to reduce the liquefaction effect of the soil during wave action.
2. . M ME ET TH HO OD DO OL LO OG GY Y
The present problem is investigated using physical model investigations. Froude scale model is used. Wide range of wave height, wave periods and depth of burial of the pipeline is selected to cover realistic field conditions. The main mission of the physical model study is to obtain the wave induced forces (both in the horizontal and vertical direction) on the submarine pipeline for different burial depths in the selected soil for different combinations of wave height and wave period. The wave force on a buried pipeline cannot be measured using conventional strain gauge type force sensors. Hence, the hydrodynamic pore water pressures (at 12 points equally distributed around the pipeline model) were measured. The in-line and uplift forces were estimated from the dynamic pressure measurements. Once the hydrodynamic forces at any burial depth are known, then it is possible to assess the stability of the pipeline. A strain gauge type force balance (DHI Denmark) with rated horizontal force, Fx of 500 N and vertical force Fz of 1000 N is used only for measuring the wave force on the pipeline, when it is just resting on the seabed (with a miniature gap between the pipe bottom and seabed for accurate transfer of force to the force balance). The linearity and hysteresis are less than ±0.05% full-scale. The temperature influence on sensitivity is less than ±0.05% full-scale/degree C. Two capacitance type wave gauges of 0.6 m range (DHI Denmark) is used for measuring the incident wave history and are placed as shown in Figure 2 . The instruments are periodically calibrated and the repeatability of the calibration constants within ±0.1% of the average calibration constants was assured. The wave maker is piston type and is capable of actively absorbing any wave reflection from the model or beach. It generates wave up to breaking steepness for periods from 1.0 to 2.4 sec. A 12 bit A/D conversion card is used for the conversion of analog data into digital form during data acquisition. The duration and speed of data collection for each combination of regular wave height and period was for 30 sec and 40 sample/s respectively. The pressure sensor location on the pipeline with respect to wave direction is revealed in Figure 3 . In this figure, the depth of burial of the submarine pipeline, 'e' is indicated, which is the vertical distance between the sea floor and the bottom of the pipeline.
The angle between the successive pressure sensors along the circumference is 30°. The horizontal wave force, F x and the vertical wave force, F z acting on the submarine pipeline is estimated using the following formula: F x = [P 1 cos 180 + P 2 cos 150 + P 3 cos 120 + P 4 cos 90 + P 5 cos 60 + P 6 cos 30 + P 7 cos 0 + P 8 cos 330 + P 9 cos 300 + P 10 cos 270 + P 11 cos 240 + P 12 cos 210] dA (1) F z = [P 1 sin 180 + P 2 sin 150 + P 3 sin 120 + P 4 sin 90 + P 5 sin 60 + P 6 sin 30 + P 7 sin 0 + P 8 sin 330 + P 9 sin 300 + P 10 sin 270 + P 11 sin 240 + P 12 sin 210] dA (2) F Fi ig gu ur re e 2 2. . The experimental set-up for measuring forces and dynamic pressures on the submarine pipeline.
Where dA is the segmental outer surface area of the pipeline and is estimated as
where, D = Outer dia of the pipe (0.20 m), W = Width of the pipe (0.597 m) and hence dA= 0.031259 m 2 .
In the above equations, the dynamic pressures and hydrodynamic forces are functions of time. After simplification, the formula become F x = 0.031259 [(P 7 -P 1 ) -0.866 (P 2 -P 6 -P 8 + P 12 ) -0.5 ( P 3 -P 5 -P 9 + P 11 )] (4) F z = 0.031259 [(P 4 -P 10 ) -0.5 (-P 2 -P 6 + P 8 + P 12 ) -0.866 (-P 3 -P 5 + P 9 + P 11 )]
The experiments were carried out for a wide range of regular wave conditions. The range of input parameters used and the range of normalized hydrodynamic parameters are listed in Table 1 The variation of hydrodynamic force on the submarine pipeline is functions of the engineering and hydraulic properties of the soil and are provided in Table 2 . It is clear from this table that the hydraulic conductivity of the soil is high. D 60 are the diameter of the soil particle at 10%, 30%, 50% and 60% finer on the grain size distribution curve respectively. C u is the uniformity coefficient (C u = D 60 / D 10 ) and C c is the coefficient of curvature of the soil. The physical appearance of the soil is as shown in Figure 4 . The soil contains significant quantity of marine shells, sand and gravel and no clay and silt. The particle size distribution of this soil is given in Figure 5 . The minimum size of the particle is 0.05 mm and the maximum size is 5 mm. The hydraulic conductivity is estimated using the standing procedure for falling head permeability test (Murthy, 2003) . During the experiment, the soil was poured gently around the installed pipe and water is sprayed to make it fully saturated. Before actual data collection, long
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waves of high amplitudes were generated for 30 minutes for inducing dynamic vibrations of the soil so that it reaches a condition similar to the field condition.
3. . R RE ES SU UL LT TS S A AN ND D D DI IS SC CU US SS SI IO ON NS S
The results pertaining to regular waves are produced. However it is found that the results based on the random waves are also similar in magnitude as well as in trend due to variation of any of the input parameters.
3 3. .1 1 E Ef ff fe ec ct t o of f p pi ip pe el li in ne e b bu ur ri ia al l o on n h ho or ri iz zo on nt ta al l a an nd d v ve er rt ti ic ca al l w wa av ve e f fo or rc ce es s i in n h hi ig gh h h hy yd dr ra au ul li ic c c co on nd du uc ct ti iv vi it ty y s so oi il l It is important to understand how the horizontal and vertical wave force on the submarine pipeline vary when it is changed from e/D=0.0 to e/D=2.0. The locus of F x and F z for e/D=0.0, H i =0.15 m and T=3.0 s is given in Figure 6 . The shape of the loop in this figure indicates the variation of the resultant wave force for one wave cycle. The data points for 10 wave cycles (30 sec) is superimposed. It can be seen from this plot that when the submarine pipeline is resting on the seabed, the horizontal force dominates than the vertical force. One can understand why the horizontal wave force dominates the submarine pipeline resting on the seafloor by visualizing the magnitude and phase differenence of main dynamic pressures, which are responsible for the horizontal and vertical wave force. It is to be noted from eqn. 4 that the main dynamic pressure responsible for the horizontal wave force on the pipe is due to the pressure sensors P1, P2, P6, P7, P8 and P9 (Refer Figure 3) , the magnitude and phase lag between them is shown in Figure 7 . The difference in magnitude between the pressure sensors at the leading and trailing end is small but the phase lag is significant, which is responsible for the high magnitude of the horizontal force.
Similarly, the main dynamic pressures causing vertical force on the pipe is due to the pressure sensors P3, P4, P5, P9, P10 and P11 (Refer Figure 3 and eqn. 5), the magnitude and phase lag between them for the same input condition (e/D=0.0, H i =0.15 m and T=3.0 s) is shown in Figure 8 . The difference in magnitude and phase lag is not at all significant. This is the reason for smaller magnitude of vertical force in Figure 6 when compared to the magnitude of horizontal force.
For half burial case (Figure 9 ), the magnitude of the horizontal wave force has reduced appreciably due to reduction in the exposure. The shape of the locus of the total wave force has changed significantly. For just buried case (Figure 10 ), the shape of the locus of total wave force has completely changed when compared to Figure 6 and 9 for e/D=0.0 and 0.5. The vertical component of the force is much larger than the horizontal force component.
The reason is that when the pipeline is fully buried, the magnitude and phase lag between the pressure sensors, which cause the horizontal wave force, has less variation ( Figure 11 ) when compared to the pressure sensors, which are responsible for vertical wave forces (Figure 12 ). From Figure 12 can viualize the change in the magnitude of pressures between the upper (P3, P4, P5) and lower (P9, P10 and P11) part of the pipe due to elevation difference with respect to still water level and also the difference in phase of the peak pressure values (P3, P4, and P5 leads P9, P10 and P11). Similar trend is also observed for further burial of the pipeline with e/D=1.5 ( Figure 13 ) and hence the vertical wave force is much larger than the horizontal force. The persistence of high vertical force is due to the high hydraulic conductivity of the soil. For e/D=1.5, it is observed with a similar study in soils of low hydraulic conductivity that both horizontal and vertical force reduce more than 80% of that measured on the pipeline when it is resting on the seabed (Neelamani et al. 2010) . Further increase in burial (e/D=2.0) results in the reduction of the magnitude of dynamic pressures and hence reduction of both horizontal and vertical forces (Figure 14) . From Figure 6 , 9, 10 and 13 one can record that burial of submarine pipeline in a soil with high hydraulic conductivity results in consistant reduction of horizontal wave force with increase in burial depth of the pipeline, whereas the vertical wave force increases with burial upto certain depth, beyond which the it reduces. 
an nd d v ve er rt ti ic ca al l w wa av ve e f fo or rc ce es s o on n t th he e s su ub bm ma ar ri in ne e p pi ip pe el li in ne e
The variation of normalized in-line (Shoreward and Seaward) and vertical (Downward and Upward) wave forces as a function relative depth of burial of the pipeline, e/D for different relative water depth, d/L and for Hi/d=0.55 is provided in Figure 15 , 16, 17 and 18 respectively. In these figures, 'e' is the depth of burial (distance between the seafloor and pipeline bottom) and 'D' is pipe diameter (Hence e/D=0 means pipeline is sitting on the sea floor and e/D=1 means that the pipeline is just completely buried and so on). (F xp ) Ave.Max and (F xn ) Ave.Max are the average maximum shoreward and seaward wave force on the pipeline and (F zp ) Ave.Max and (F zn ) Ave.Max are the average maximum downward and uplift wave force on the submarine pipeline respectively. 'ρ' is the mass density of water, 'g' is acceleration due to gravity, 'H' = H i and is the incident wave height acting on the pipeline and 'A' is the pipeline Figure 16 and Figure 18 indicates that the wave force is acting towards seaward and upward direction and the positive value of y-axis in Figure 15 and Figure 17 indicates that the wave force is acting towards shoreward and downward direction respectively. From Figure 15 and 16, it is found that for any d/L value, change in e/D from 0.0 to 2.0 consistently reduces the magnitude of horizontal force coefficient. The gradient of force coefficient reduction from e/D=0.0 to 1.0 is steep compared to the gradient from 1.0 to 2.0. d/L has some conspicuous influence on the horizontal wave force coefficient for e/D=0.0 but the effect disappears when pipeline is buried in the sand. It is also clear from Figure 15 and 16 that the submarine pipeline resting on the seafloor receives the maximum shoreward and seaward force. For e/D=1.0, the normalised force reduction is almost 75% (Change from 0.52 to 0.13).
From Figure 17 and 18, it is found that the magnitude of the vertical force coefficient is minimum when e/D=0.5 (Half buried case) which is due to the absence of pressure lag between upper and lower part of the submarine pipe and small difference in the magnitude of dynamic pressure as shown in Figure 19 . The vertical force coefficient is maximum when e/D=1.0 (just fully buried case). The reason ). This is due to the fact that when d/L is smaller, the condition is closer to shallow water condition and the water particle in the wave has significant power to penetrate into the soil for causing dynamic pore water pressures and hence forces when compared to the case when d/L is larger. Hence long period waves are more important while designing buried pipeline. has influence on the horizontal and vertical force coefficients, the sensitivity of the force coefficient for changing e/D from 0.0 to 2.0 is significant. Also it can be seen from Figure 24 and 25 that change in the incident wave character (H i /d, d/L) has prominent variation on the horizontal force coefficient for e/D=0.0. For e/D=0.5 or higher, there is no appreciable change in the horizontal force coefficient. But from Figure  26 and 27, it can be observed that varying (H i /d, d/L) has appreciable effect for buried pipeline in high conductivity soil for e/D=1.0 and 1.5 both for the upward and downward force coefficients. It is interesting to note that the minimum vertical force coefficient occurs for half buried pipeline (e/D=0.5), which is a notable information for submarine pipeline in high hydraulic conductivity soil.
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F Fi ig gu ur re e 2 25 5. . The seaward horizontal force coefficient for different depth of burial.
The results presented here can be used for selecting minimum burial depth of submarine pipelines both from safety and economic point of view. A worked out example is given for selecting minimum safe burial depth of a typical crude oil pipe in this type of soil.
4. . W WO OR RK KO OU UT T E EX XA AM MP PL LE E
Consider a marine project, where a submarine pipeline is required to be installed in a well graded and high hydraulic conductivity soil as reported in this paper for crude oil transport from land to ship, which is moored in deeper waters. Assume the pipeline is made out of steel of 1.0 m OD, wall thickness of 15 mm. Let the water depth for the purpose of calculation be 2.25 m, wave period is 6.7 s and let the design wave height be 1.6 m at this water depth. It is required to find the minimum safe burial depth of the pipeline against pullout in the vertical direction due to the wave induced uplift force on the buried pipeline. It is also necessary to make sure that the pipeline is also stable in the horizontal direction due to horizontal hydrodynamic forces acting on it at any burial depth. At any depth of burial, the forces counteracting the uplift and buoyancy force on the submarine pipeline is the weight of the pipeline material, the fluid inside the pipe and the natural backfill material on the pipe. If the counteracting forces are not enough, then it is necessary to use additional surcharge weights (like rip-rap cover or other solutions like mats). In such situation, it is necessary to estimate the weight of additional surcharge needed for the pipe/m run at any selected burial depth, in order to get a factor of safety of 1.5 against uplift. It is also needed to make sure that the factor of safety against horizontal sliding is 1.1 (DNV Code, 1981) at any buried depth. However, factor of safety of 1.5 is used as a conservative measure. First the pipeline must be stable against vertical uplift. Then it is needed to make sure it is also stable against horizontal sliding. Let us assume that for any depth of burial of the pipeline, the native soil will be used as backfill on the top of the pipeline for vertical stability, called surcharge.
For pipeline resting on the bed (e/D=0.0), the surcharge due to the native soil cover, W native soil fill = 0.0 t/m For pipeline half buried (e/D=0.5), the surcharge due to the native soil cover = 0.0 t/m For pipeline with e/D=1.0, the surcharge = (1.0 x 0.5 -π/8 x 1 2 ) x submerged density of the soil in t/m 3 The submerged density of soil user for the present study is 0.815 t/m 3 respectively. For pipeline with e/D=1.5, the surcharge due to the native soil cover = (1.0 x 1.0 -π/8 x 1 2 ) x submerged density of the soil in t/m 3 .
For pipeline with e/D=2.0, the surcharge due to the native soil cover = (1.0 x 1.5 -π/8 x 1 2 ) x submerged density of the soil in t/m 3 .
The total downward force on the pipeline, W down = Weight of pipe/m (W pipe ) + Weight of fluid inside the pipe/m (W fluid ) + Surcharge load over the pipe due to the native soil fill up to the original sea bed (W native soil fill )
The total upward force on the pipeline, W up = Buoyancy force/m run (F B ) + Hydrodynamic uplift force/m run (F v )
The factor of safety against uplift, FS Uplift = W down / W up It is advisable to have the value of factor of safety against uplift equal to 1.5.
If the factor of safety against uplift is less than 1.0 for a particular depth of burial, then the pipeline will not be stable in the vertical direction and will pop up above the seabed and receive direct wave loading. In such situation, it is necessary to go for additional surcharge by either placing sufficient weight/m run of pipe using rip-raps or any other stabilization method. If the pipeline is buried, and still it is not safe against the uplift force, then the weight of additional surcharge required/m run, W as on the pipe for a factor of safety of 1.5 against uplift can be estimated as follows:- It is necessary to check the stability of the pipeline against horizontal sliding.
4. .2 2 S St ta ab bi il li it ty y a ag ga ai in ns st t H Ho or ri iz zo on nt ta al l S Sl li id di in ng g o of f t th he e S Su ub bm ma ar ri in ne e P Pi ip pe el li in ne e
The restraining force preventing the submarine pipeline against horizontal sliding due to the hydrodynamic force in the horizontal direction, F H is the frictional force, F friction and the passive earth resistance, F passive of the soil surrounding the pipeline.
The frictional force, F friction between the pipe and the sea bed soil depends up on the coefficient of friction, µ between the pipe and sea bed soil. Where, γ sub is the submerged weight of the soil, 'e' is the vertical distance between the seabed and the pipeline bottom and K p is the passive earth pressure resistance of the surrounding soil. The factor of safety against horizontal sliding, FS Horizontal sliding = (F friction + F passive ) / F H If FS Horizontal sliding is greater than 1.0, then it is safe against sliding. However, it is recommended to take a value of 1.5 for the purpose of safety. If the pipeline is not safe against horizontal sliding with a factor of 1.5, then the additional surcharge load needed is estimated using the formula
The estimate of the minimum safe burial depth against uplift forces and horizontal force for the given pipe of 1.0 m OD is carried out considering crude oil as flow material. Table 3 lists the e/D values studied, factor of safety against uplift, FS Uplift , minimum safe e/D value to prevent vertical pop-up, the factor of safety against horizontal sliding, FS Horizontal sliding , and the minimum safe e/D value to prevent horizontal sliding. The minimum safe e/D value considering both vertical and horizontal stability is also listed in column 7. This value is the highest among the two values listed in column 4 and 6. It can be seen that the minimum safe burial depth is governed by the vertical force and not by the horizontal force for any e/D values. The weight of additional surcharge, W as required to obtain factor of safety against uplift, FS Uplift of 1.5 and factor of safety against horizontal sliding, FS Horizontal sliding of 1.5 is also listed in column 8 and 9. The minimum weight of additional surcharge, W as for satisfying both FS Uplift and FS Horizontal sliding of 1.5 is listed in column 10. This value must be the higher value among column 8 and 9. It can be seen that for e/D=0.0, the horizontal wave force dictates the additional surcharge weight for stability. For e/D from 0.5 onwards, the vertical force dictates the additional surcharge weight.
5. . C CO ON NC CL LU US SI IO ON NS S
Evaluation of minimum safe burial depth of submarine pipelines is an important question and a challenge for coastal engineers. Submarine pipelines are largely used for transporting crude oil from the land to the ship, which is moored in deeper waters. If the pipeline is buried much more than what is needed for its safety, then the cost of burial in the open marine environment will be prohibitive. On the other hand, if the burial is not sufficient, then during design environmental condition, the pipeline experience pullout from its burial and subsequently will experience failure due to repeated direct hydrodynamic loadings and large dynamic responses. Such type of failures can be prevented by proper selection of the burial depth or by providing surcharges of required load/m run on the pipe, once a particular burial is decided.
Well planned physical model investigations were carried out on a scaled submarine pipeline model. The main aim of the investigation is to obtain the minimum safe burial depth of submarine pipeline. It depends on the hydrodynamic forces in the vertical and horizontal directions on the buried pipeline, which in turn depends on the design wave condition, water depth and the properties of the sea bed soil like its porosity, hydraulic conductivity, saturated and submerged density, angle of shearing resistance etc. An attempt is made to solve this problem for a typical well graded and high hydraulic conductivity soil. Such soils are widely used for backfilling of pipelines during laying. Physical modeling is used as the tool. The investigations were carried out for a wide range of wave conditions and for different burial depths of the submarine pipeline. The important conclusions obtained from this study are: 5 5. .1 1 G Ge en ne er ra al l •
The horizontal force reduces non-linearly with increase in depth of burial. The horizontal force reduction due to varying the relative burial depth from e/D=0.0 to 1.0 is is almost 75% in the soil with hydraulic conductivity of 1.84 mm/s. • In this type of soil, the vertical force reduces to a minimum when the e/D is changed from e/D=0.0 to 0.5 and increases up to e/D=1.0, mainly due to the significant change in the magnitude as well as the phase difference between the pore water pressures in the vertical direction. Further increase in e/D results in the reduction of vertical force due to the reduction of the magnitude of dynamic pore water pressure around the pipe. • For any burial depth and for a constant wave height, increase in wave period has noticeable increase in the vertical wave force than the horizontal wave force on the submarine pipeline. • For any burial depth and for a constant wave period, increase in wave height has reasonable increase in the vertical force coefficient than the horizontal wave force coefficient. In other words, the variation of vertical force is non-linear when wave height is increased, compared to the variation of horizontal force on the submarine pipeline.
•
In general, the horizontal wave force dictates the stability of the submarine pipeline, when the pipeline is placed on the sea floor. For buried pipeline, the upward wave force dictates the stability of the pipeline. 
